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Abstract 
It is predicted that share of solar and wind energy will be increased in the future energy systems. The competitiveness of these 
technologies is further improved if strict climate policy and for example consequent high costs for CO2 emissions or emission 
performance standards will be applied, leading to increased electricity prices. This will bring demand for more flexible large 
scale energy production and/or energy storages due to the intermittency of solar and wind energy production at different 
timeframes, for example between day and night and different seasons. In addition, it is notable that future integration of 
electricity markets and grids will expand the area impacted by intermittent renewables. 
 
Possible and predicted high economic value for CO2 emissions and emission standards are also a rationale for the development of 
CCS technologies. After the investment, variable operational expenditures of solar and wind power are low in comparison with 
other low carbon technologies and therefore these plants are utilised before others. This will impact also on the utilisation rates of 
plants equipped with CCS. In this paper techno-economic analyses of industrial scale Chemical Looping Combustion (CLC) 
power plant are presented in different market situations. Feasibility of CLC investment and the utilization of such plant is 
investigated and compared to oxyfuel and air combustion references in energy system which contain high share of solar and wind 
power. 
 
The CC-Skynet™ toolkit, created by VTT during Finnish CCS projects, enables comparison of economic feasibility of different 
CCS technologies in different market scenarios, including varying prices for electricity, CO2 emission allowances, fuels, plant 
utilisation rates, etc. In addition, in the case of CLC, sensitivity analysis are possible also for example for prices of different 
oxygen carriers, investments etc. The toolkit is highly versatile but it does not include modelling of any physical phenomena 
which are required as inputs. The economics of CCS are evaluated from investor’s (local energy company) point of view 
including the effects on the existing energy system. Effect of CCS on greenhouse gas (GHG) emissions and operation economics 
of the CCS cases are compared to the reference energy system with varying parameters of operation. 
 
Electricity production efficiency of CLC power plant is higher than in power plants based on solid fuel and other CO2 capture 
technologies, because CLC does not require large air separation unit or solvent regeneration. Higher net efficiency in electricity 
production by CLC results lower specific production costs in comparison to other CCS technologies. This probably leads to 
higher utilisation rate for CLC which is important for example in terms of payback time for the investment or required break-
even price for CO2 emissions. Results show that CLC may be more competitive in comparison to other CCS technologies due to 
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higher electrical efficiency. Economic feasibility is dependent on several factors which are uncertain in the case of future energy 
system. However, it is probable that high CO2 prices lead to increased electric price such that electrical efficiency has large 
dominant effect on feasibility. Investment costs do not dominate in comparison between CCS technologies. Feasibility of CCS is 
different between geographical locations due sensitivity of transport and storage.  
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
It is predicted that share of solar and wind energy will be increased in the future energy systems. The 
competitiveness of these technologies is further improved if strict climate policy and for example consequent high 
costs for CO2 emissions or CO2 emission performance standards (EPS) will be applied, leading to increased 
electricity prices. This will bring demand for more flexible large scale energy production and/or energy storages due 
to the intermittency of solar and wind energy production at different timeframes, for example between day and night 
and different seasons. In addition, it is notable that future integration of electricity markets and grids will expand the 
area impacted by intermittent renewables. On the other hand, larger market area and improved transmission will 
smooth the impact. 
 
Possible and predicted high economic value for CO2 emissions and emission standards are also a rationale for the 
development of CCS technologies. After the investment, variable operational expenditures of solar and wind power 
are low in comparison with other low carbon technologies and therefore these plants are utilised before others. This 
will impact also on the utilisation rates of plants equipped with CCS. Electricity production efficiency of CLC 
power plant is higher than in power plants based on solid fuel and other CO2 capture technologies, because CLC 
does not require large air separation unit or solvent regeneration. Higher net efficiency in electricity production by 
CLC results lower specific production costs in comparison to other CCS technologies. This probably leads to higher 
utilisation rate for CLC which is important for example in terms of payback time for the investment or required 
break-even price for CO2 emissions. Results show that CLC may be more competitive in comparison to other CCS 
technologies due to higher efficiency and consequent higher utilization rate.  
 
Economic feasibility is dependent on several factors which are uncertain in the case of future energy system. 
However, it is probable that high CO2 prices lead to increased electric price such that electrical efficiency has large 
dominant effect on feasibility. Investment costs do not dominate in comparison between CCS technologies if 
markets relevant for CCS applications in power plants are consideres (high CO2 price and high electricity price). 
Feasibility of CCS is different between geographical locations due sensitivity of transport and storage. The optimal 
solution from an investor’s point of view depends on multiple factors, electricity and EU-ETS prices being the most 
dominant ones.  
 
In this paper techno-economic feasibility of commercial scale CLC power plant using coal as a fuel is studied. The 
study is based on comparison of different CCS options for greenfield 482 MWfuel plant situated on the coast of the 
Gulf of Bothnia. The feasibility is compared with the reference case plant, which is existing coal fired power plant 
without CCS. The comparison to new coal fired power plant in markets with high CO2 price and significant share of 
intermittent renewables is not relevant, as the investment would not be feasible. Primary focus has been on 
economic evaluations of the CLC plant operation with different input parameters and on comparison to both 
modelled market data and oxy-fired CFB plant and normal air-fired CFB plant.  
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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2. Methods 
2.1. Description of the system modeling 
Air-fired plant operation and oxy-combustion carbon capture processes were modelled using Aspen Plus process 
modelling software and the CLC process is based on generic concept of the unit operations. The economic 
comparison analysis is conducted with the CC-Skynet™ toolkit, created by VTT during Finnish CCS projects. The 
toolkit enables comparison of economic feasibility of different CCS technologies in different market scenarios, 
including varying prices for electricity, CO2 emission allowances, fuels, plant utilisation rates, as well as CCS 
related costs, for example required investment, transportation costs, prices for oxygen carrier materials etc. Other 
additional operating costs are estimated to consist mainly of fixed costs because most of the variable operating costs 
were estimated separately (as listed above). Fixed operating costs include for example personnel and maintenance 
costs.  
The economics of CCS are evaluated from investor’s (local energy company) point of view. The goal is to 
evaluate annual cash flows in different CCS cases and compare the balances with the base case without CCS. Based 
on the economics and emissions within the boundary, break even prices (BEP) for CO2 emission allowances in EU 
Emissions Trading Scheme (EU ETS), at which CCS turns feasible over the respective base case, were defined.  
In the study the costs of whole CCS chain, including CO2 capture, processing, transport and storage, was 
included. As there is no storage capacity in Finland the captured CO2 has to be transported and stored abroad. The 
storage phase in this study is evaluated according to Teir et al. [1] and the CO2 transportation including costs related 
are assumed according to Kujanpää et al. [2].  
Operation of considered plant types were estimated from two perspectives. At first, a baseline comparison was 
calculated based on general assumptions of high peak load hours for plants (base load plants). However, the main 
target of the study, was to investigate feasibility of different options in markets with high share of intermittent 
production (solar and wind). For this analysis, hourly prices from Finland and Denmark electricity market areas of 
Nordpool (Nordic electricity markets) were used, as well as hourly prices of German electricity markets (Figure 1). 
All these areas includes significant share of renewables in electricity mix but the type of renewables differ (biomass 
and hydro in Finland, wind in Denmark and wind and solar in Germany). However, existing situation is not relevant 
for CCS, as CO2 allowance price is too low to enable CCS investments. Therefore significantly higher CO2 price 
was chosen as default and consequent impacts on electricity prices assumed. Used market scenarios are explained in 
more details in section 2.4.  
 
 
Figure 1. Example stability curves of hourly market prices of electricity in Germany, Denmark and Finland. 
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2.2. Case descriptions 
The study is based on the existing Finnish power plant equipped with modern CFB boiler. The capacity of the 
plant is about 210 MWnet and the net efficiency about 44% (based on LHV) corresponding about 500 MW fuel 
input. The studied plant is earlier modelled also with oxyfuel in another project [3], [4], and values obtained from 
that work are used in this paper as well.  
In this paper, the differences in annual power production are valuated based on market price for electricity 
(average price during lifetime operation). For all the cases the same fuel was assumed; bituminous low sulfur coal 
imported to Finland. The main effects of chemical looping technology can be seen at changes of investment costs, 
variable costs and overall electric efficiency. 
Evaluations are conducted for four different cases. In all cases the plant produces condensing electricity with 
given utilization rates. Net electric penalty can be given as input for CLC and oxy-CFB.  
 
The studied cases are: 
1. Air-reference: Air-fired CFB plant 
2. Oxy-reference: Oxy-fired CFB plant 
3. CLC, default: CLC plant with input parameter set I 
4. CLC, optimistic: CLC plant with input parameter set II 
 
According to Lyngfelt [5] CLC of solid fuels clearly has a potential for a dramatic reduction of energy penalty 
and costs for CO2 capture. The energy penalty for chemical-looping combustion would ideally be equal to the power 
needed for CO2 compression of around 2.5%-units. In addition, penalty is derived e.g. from fluidisation of additional 
reactor and probably heavier fluidisation material, possible need for O2 polishing or carbon stripper, energy losses at 
oxygen carrier recovery, etc. Therefore additional electric efficiency loss of 0.5% to 2.5% was assumed for the CLC 
power plant. This results in overall efficiency penalty of 3 to 5%-units for CLC in comparison with the reference 
case without CCS. This is in line with for example a study published by Ekström et al. [6]. 1st generation CCS 
technologies have typically electric efficiency loss level of 9%-units [7] which was used in this paper as a default 
value. Compared to this, overall efficiency at CLC is significantly better. 
2.3. Economic assumptions 
The overall additional investment due to CCS is based on the presentation given by Simonsson et al. [8] based on 
CFB technology with and without oxyfuel. By default CLC investment is assumed similar to oxy-CFB due to easier 
comparison and variations in the investment estimations given in the public literature. CLC plant with an air reactor 
and a fuel reactor involves additional costs, but the investment would probably be less than double of normal air-
fired CFB plant as only the boiler/reactor components are significantly different. However, CPU and intermediate 
storage etc. (in the case of ship transportation) are needed resulting significant additional investment. Investment on 
more optimistic CLC case is assumed to be about 20% lower, based on the values presented by Velazquez-Vargas et 
al. [9]. 
Annual fixed operation and maintenance (O&M) costs are estimated roughly based on the general approach to 
assume these costs to be dependent on the required investment. Similar approach is used for example by IEA [10], 
where they assumed fixed and variable O&M costs to be 4 % of the investment cost. In this study, variable O&M 
costs are estimated separately and therefore smaller values for fixed O&M costs are used.  
Variable O&M costs can be estimated with different oxygen carriers in the used model. By default, iron ore / 
ilmenite was chosen as oxygen carrier in all calculations in this paper with following properties: lifetime 600h; price 
150 €/t; inventory 3t/MWth. In addition to oxygen carrier specific values, a recovery factor for the price for resale of 
used oxygen carriers was given (Table 1). Properties of oxygen carriers involve significant uncertainties, but as 
stated in Tähtinen et al. [11] the oxygen carrier related O&M costs are anyway less significant compared amongst 
other parameters of the CLC process. The low efficiency penalty is the dominate difference in comparison to other 
CCS technologies for power plants. In table 2 default market prices and other general parameters used in the 
7512   Eemeli Tsupari et al. /  Energy Procedia  63 ( 2014 )  7508 – 7516 
baseline economic evaluation are presented. With CCS higher utilization rates of the plant are expected as the 
variable operating costs are lower than without CCS if CO2 allowance price is high.  
Table 1. Key variable default values used. 
 Reference Oxy-CFB CLC, default CLC, optimistic 
Peak load utilisation rate in the base load scenario [h/a] 7500 7500 7500 7500 
Net power [MW] 213 169 189 198 
Efficiency, net (LHV) 44 % 35 % 39 % 41 % 
Investment [M€] 315 537 537 476 
Variable O&M (other than fuel, CO2, power, including cost 
related to oxygen carriers) [€/MWhfuel] 
1 1.1 1.25 1.25 
Fixed O&M [€/kWfuel, year] 13 21.4 23.6 21.7 
Oxygen carrier recovery value (resale price / purchase) - - 70.0 % 70.0 % 
Table 2. Default market prices and other general parameters in the baseline economic evaluation. 
Electricity 80 €/MWh 
CO2 allowances 50 €/ton 
Coal price 12 €/MWh 
CO2 transport and storage cost 12* €/ton 
Economic lifetime 20 a 
Technical lifetime 40 a 
Hurdle rate 10 %  
General discount rate 5 %  
* CO2 transport and storage cost was first modelled for considered case in Finland, but as the transportation costs 
from Finland are exceptionally high, the cost was decreased from about 20 €/t to 12 €/t to provide better comparison 
to international literature.   
2.4. Electricity market scenarios 
The plant operation profitability and utilization rates in future markets are of course uncertain. The main 
uncertainty is related to development of electricity markets in general if, for example, more ambitious climate policy 
comes true. For example CO2 prices presented in international scenarios are so high, that significant investments on 
low carbon technologies should take place and the impact on merit order of existing plants will be remarkable. In 
addition, some changes in consumption side are probable. To estimate somehow quantitatively the impacts on 
utilization rate in future markets simplified market modelling was conducted for the studied plant concepts with 
their variable production costs. Considered market scenarios were derived from realised 2013 hourly electricity 
market data from Finland and Denmark. From Germany, data from one year was used as well but it is from slightly 
different period (autumn 2013- autumn 2014). In addition, a baseload scenario was calculated for comparison using 
stable load and stable average prices based on the data presented in Table 1 and Table 2. 
For more sophisticated market scenarios realized market prices were increased by selected impact of increased 
CO2 prices (from current level of 5 €/tn to studied 50 €/tn) to present the possible increased future prices. For coal 
fired power plant with 40% net efficiency, increase of 10 €/tn in CO2 allowance price results in about 8.5 €/MWh 
increase in production costs. This is based on the CO2 emission factor given in national fuel classification of 
Finland used for example in official national GHG inventories. In the scenario “Intermittent 1”, this increase was 
applied for average price of Danish market area, which would roughly double the electricity price. The average 
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increase was further divided to hourly data by using equal relative increase for prices of each hour. This would 
obviously not be the result in reality, but was used as a scenario as it highlights the intermittency resulted by high 
shares of solar and wind. The resulting average price was used as a default in this study (about 80 €/MWh). 
In future markets, it is probable that electricity price is not that much linked on production costs by coal. Because 
the assumption behind CCS cases is that CO2 price is high, in scenario “Intermittent 2” we assumed that CO2 
intensity in electricity markets is much lower than at present and thus impact of CO2 price increase on electricity 
price in markets is not as significant as in the case of coal fired power plants only. Therefore we assumed that 
increase would be 55% of the impact presented earlier, resulting average price 60 €/MWh. 
The markets in Denmark and Germany represent markets with high share of intermittent renewables (wind, 
solar). It should be highlighted that Nordic markets are blessed with lots of hydropower. Hydropower has also some 
ability to smooth variation in market prices in the case of intermittent renewables which means that in other regions 
impact of same share of solar and wind may be greater. However, there is a huge variation in the market price in 
Denmark with the highest values being over 2000 €/MWh and the lowest being even negative with -60 €/MWh 
levels. 
The plant operation in full load, minimum load and off-line mode were adapted to created market scenarios 
“Intermittent 1” and “Intermittent 2”. The operation strategy was applied based on discussions with power plant 
operators. As the outcome, the profitable peak load operation hours as a function of variable production costs of 
electricity were obtained. 
3. Results 
3.1. Scenario “Intermittent 1” 
The results from earlier described manipulation of market data to simulate potential impacts of high prices of 
CO2 allowances are presented in Figures 2 and 3. 
 
Figure 2. Time for profitable operation for studied power plants with different variable production costs in market scenario 
“Intermittent 1”. The impact of large share of intermittent production in Germany can be seen from figure whereas curve for 
Finland has different shape. This is due to large share of biomass based electricity production in Finland, which is not 
intermittent in comparison to solar and wind. 
 
 
CLCopt.
CLCdef.
Oxy
Reference
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Operation dynamics of different cases in “Intermittent 1” scenario are presented in Figure 5 and distribution of plant 
operation in different cases for Denmark market area. 
 
 
Figure 3. Operation dynamics of different cases in “Intermittent 1” scenario (Denmark market area). 
 
Table 3. Distribution of plant operation in different cases in Denmark market area  
 reference oxy CLC 
(optimistic) 
CLC 
(default) 
 
average price when above break-even 91 84 84 83 €/MWh 
average price when below break-even 57 33 30 28 €/MWh 
annual hours above break-even (100% load) 5694 7931 8129 8211 h/a 
annual hours below break-even (40% load) 1376 510 471 434 h/a 
offline hours 1690 319 160 115 h/a 
 
 
From the above analysis new peak-load utilisation rates were chosen for the studied cases. Peak load utilisation was 
limited to 8000 h/a even if greater production would have been profitable in terms of market prices. Consequently, 
CCS cases are producing more electricity than air-reference case. This is due to significantly higher utilisation rates 
of CCS cases (Figure 2), which overcomes the impact of efficiency penalty. This is contrary to base load 
assumption, where CCS cases typically produce less electricity than reference case.   
3.2. Scenario “Intermittent 2” 
The respective Figures as presented in previous section were also created for scenario “Intermittent 2”. The 
profitable utilisation times are presented in Figure 4. As the average electricity price is lower, the utilisation rates are 
also lower and thus the investments are not feasible. Also the air-reference case is unprofitable, because fixed costs 
of the plant are larger than the revenue from electricity production. 
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Figure 4. Time for profitable operation for studied power plants with different variable production costs in market scenario 
“Intermittent 2”.  
 
4. Discussion and conclusions 
Scenarios for future electricity prices are challenging to create, especially in the case of large increase in CO2 
allowance price required to make CCS feasible in power plants. Large increase in CO2 costs will consequent in 
changes in merit order of plants, feasibility of investments etc. For example new production technologies may come 
to markets, demand side response and storage options may develop and transmission connections between markets 
areas may develop. These all have different impacts on hourly prices in markets. In addition, years are not alike, 
which impacts significantly in Nordic markets blessed with large share of hydropower and significant heating 
demand. In this study, hourly data from Finland and Denmark market areas of Nordpool as well as electricity prices 
from Germany were used to represent markets including high share of renewables (biomass, solar and wind). 
Realised market prices were increased based on supposed increase in CO2 costs. Impact of this increase in markets 
may be the most important source of uncertainty in this work. Therefore two scenarios were created but significant 
uncertainties remains. 
Even if the production systems in Finland, Germany and Denmark are quite different, stability curves are similar 
for most of the period (Figure 1). Even if Finnish energy system is also strongly based on renewables, those are not 
that intermittent as mostly biomass and hydropower are used. The typical price level in Figure 1 is near to 
production costs of coal fired plants. The main difference between the curves are in the lowest and highest prices 
where variation in the systems including high share of intermittent renewables is larger.   
It seems that significant increase in electricity prices are required to make CCS applications in power plants 
feasible. In that case, also utilisation rates of these plants will be high according to modelled data. This is obvious, as 
variable costs are always lower than total production costs (including the impact of CAPEX). In the case of high 
electricity prices required to make CCS feasible, the difference between utilisation rates of oxyfuel and CLC was not 
that significant as assumed before the study. In the case of lower electricity price, the difference is higher, but 
investments on CCS are not feasible.  
In this study new CCS investments were compared with existing reference case, where CAPEX was not included 
in the case of existing plant. In comparison to new plant without CCS, it is obvious that feasibility of CCS is much 
better in considered CO2 prices. CLC power plant has great ability to compete against other CCS technologies due 
lower energy penalty and therefore increased utilization rate. Increased other operational costs does not affect 
CLCopt.
CLCdef.
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significantly to operational costs compared to other CCS technologies. Feasibility of all CCS technologies and 
solutions still are location dependable, because also CO2 transport and storage are dominant costs against 
conventional power plants.  
In general, it can be concluded the EU-ETS price and electricity prices prospected in the near future do not make 
the CCS investment yet easily feasible. This would emphasise the importance of the development of the efficiencies 
of the CCS processes, bioCCS, CHP applications and industrial solutions, among other technologies for climate 
change mitigation. 
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